A number of recent empirical studies of firm-level productivity (growth) have been concerned with establishing potential complementarity between multiple organizational design practices. These papers have drawn conclusions on basis of the effect of the interaction term between each possible pair of practices. In this paper we show that this approach may lead to misleading results in case more than two practices are considered. We develop a proper testing procedure for complementarity and substitutability in case there are multiple organizational practices that affect output. The testing methodology is illustrated by empirical examples of three and four innovation practices affecting productivity. The testing framework can easily be applied to test for supermodularity. 
Introduction
Researchers in the fields of industrial organization and management have long been interested in investigating whether there exist complementary relations between various organizational practices of a firm. Complementarity is understood in this context to exist if the implementation of one practice increases the marginal or incremental return to other practices. Thus a joint implementation of several practices may result in economies of scope in a sense proposed by Baumol et al. (1988) . By the same token the implementation of one practice can decrease the marginal or incremental return to other practices. This is the case of substitutability. Examples of studies of complementarity in the economics and management literature are the relationships between human resource practices and firm strategy (Ichniowski et al., 1997) , firms' internal R&D and external technology sourcing (Arora and Gambardella, 1994) , different government innovation policies (Mohnen and Röller, 2002) , information technology, workplace reorganization, and new product and service innovations (Bresnahan et al, 2002) , and the adoption of different information technologies in emergency health care (Athey and Stern, 2002) .
There are two econometric approaches that can be used to test for complementarity (Athey and Stern, 1998) . The correlation approach (also coined "adoption' approach) has been by far the most popular among empirical researchers due to its simplicity (Arora, 1996) . The adoption approach tests conditional correlations based on the residuals of reduced form regressions of the practices of interest on all observable exogenous variables. However, although this test can serve as supportive evidence of complementarity if practices are adopted simultaneously (i.e. positive correlation), it cannot serve as a definitive test. Estimated correlations between residual terms may be the result of common omitted exogenous variables or measurement errors. Even in case of robust correlation between practices, there is no guarantee that decision markers were sufficiently well informed such that they indeed chose efficiency or output enhancing combinations of practices.
The only conclusive test for complementarity or substitutability is based on the 'production function' approach, in which organizational performance is related to exclusive combinations of organizational practices. This approach has been used in recent empirical work testing for complementarity between two practices (e.g. Veugelers and Cassiman, 2003) , in which case a complementarity or substitutability test is a simple one-tailed t-test on the interaction variable. However, no robust testing procedure has been available to test for complementarity or substitutability with more than two practices, which has prevented a wide use of the production function approach in applied empirical work. Recent papers examining more than two practices have attempted to circumvent the problem by estimating pair-wise interaction effects, ignoring the interaction with other practices (Athey and Stern, 2002; Bresnahan et al., 2002, Caroli and Van Reenen, 2001 ). However, a proper complementarity or substitutability test requires testing for multiple inequality restrictions.
In this paper we propose a testing procedure of complementarity and substitutability that can be used in case of multiple (more than two) practices. It is based on the multiple inequality restriction-testing framework developed by Kudô (1963) and Wolak (1989) . We discuss the cases of continuously measured practices as well as the case of dichotomous practices, which has been particularly relevant in most empirical applications. The analytical solution and an empirical application are demonstrated for the case of three and four practices. A first empirical example concerns complementarity or substitutability in product, process and organizational innovation and their impact on labour productivity. A second empirical example concerns complementarity or substitutability in four different types of R&D cooperation strategies.
Complementarity and substitutability
This section describes the definitions and conditions concerning complementarity and substitutability both for the case of continuously measured practices and the case of dichotomous practices. Consider an objective function f of which the value is determined by the practices x p (p=1,...,n). In case the practices are measured continuously the following definition of complementarity holds (e.g. Baumol et al., 1988) :
Definition 1 (continuous practices)

Practices x i and x j are considered complementary in the function f if and only if is
always larger or equal to zero and larger than zero for at least one value of (
The definition for substitutability is identical as definition 1 except that 'larger' is replaced by 'smaller'. We use a cross-term specification of the objective function f to test for complementarity or substitutability. The expressions for n equal to 2, 3 and 4 are: 
In case the practices take on discrete values variables (step size chosen equal to one) we replace the 
The case of dichotomously measured practices (practice is used or not) is a special case of this definition. In that case functions (1), (2) 
The conditions of complementarity now correspond to α 
The testing procedure
In case of two practices the test for complementarity is a one-sided t-test of the null hypothesis of in equation (1). However, in case of more than two practices, the number of inequality constraints that have to be tested simultaneously is . Statistical tests of versus with R having rank k in the standard linear model with one of the inequalities holding strictly have been considered in Gouriéroux, Holly, and Monfort (1982) . Kudô (1963, p.414) derived the theorem underlying this test. The so-called normal orthant probability, , being the probability that the variables with a multivariate normal distribution with mean zero and variance-covariance matrix Ω = are all positive, plays a central role in this theorem: 
From this theorem it follows that in case of p inequality restrictions we have that the probability of LR exceeding c under the null hypothesis equals a mixed chi-square distribution of (see also Shapiro, 1985, p.138 and Wolak, 1989, p.214) .
ip i w χ 2 Therefore, the p-value equals . Shapiro (1985) proves that the weights sum up to unity. The statistic can be compared to Table 1 from Kodde and Palm (1986) 
1 For the empty set M=ø we have that is a constant zero and = } P 2 Because for all a, the summation could also run from 1 up till p. In empirical applications the variance-covariance matrix has to be estimated and the mixed chi-square distribution only holds asymptotically. 
Empirical applications
To illustrate the method we present two empirical applications. In example 1, we estimate a labor productivity equation including three (broad) innovation strategies. In a second example, we estimate { } 4 In practice w 24 is computed as w 24 = where
and then using the summation of all weights to unity as a check of correct computation a labor productivity equation including four types of R&D cooperation practices. In both cases the practices are dichotomous, hence we include sets of mutually exclusive dummies D. Our data come from two consecutive Community Innovation Surveys among Dutch firms for the years of 1996 and 1998 (source: Statistics Netherlands). The performance variable is labor productivity in 1998. The independent variables include the innovation strategies as well as firm size, R&D intensity, and labor productivity in 1996. All independent variables are taken from the 1996 survey to reduce possible simultaneity between the decision variables and the output measure.
Example one considers the impact of three innovation strategies that can be pursued simultaneously or exclusively: (1) product innovation, (2) process innovation, and (3) organizational innovation that is manifested through reorganization or implementation of new marketing and management practices.
The constructed vector D thus includes eight elements. The results of the unconstrained estimation and the estimation under the alternative hypotheses are reported in Table 1 .
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In the first step the model is estimated three times, once unconstrained, once imposing less or equal restrictions, and once imposing greater or equal restrictions. In the second step, the constrained model that produced the highest log-likelihood value in the first step (the model for which the imposition of the inequality restrictions are least objectionable) is tested against the equality restricted alternative using the LR test. In the first step, we compare the log-likelihood values of the inequality constrained models with the unrestricted loglikelihood value. This suggests to test for substitutability in case of product & process innovation, and complementarity in the cases of product & organizational innovation and process & organizational innovation. In the second step the loglikelihood ratio tests show that we cannot reject the null hypothesis of no substitutability in the product & process innovation case, nor can we reject the null of no complementarity in the process & organizational innovation case. As can be seen from the table, neither is significant at 10 percent level. The secondstep result does reveal a complementary relationship between process and organizational innovation:
the LR test against the null of no complementarity is rejected, the value 14.6106 being greater than the critical value c u (the calculated p-value is 0.0002). The result supports the notion that process innovations are more effective if accompanied by necessary changes in organizational practices 6 . 5 The full results are available from the authors upon request. Further details on the data are available in Belderbos et al. (2003) . 6 In Table A2 in the appendix we present the results obtained from a similarly specified model by simply interacting pairs of (dummy variable) strategies. A simple t-test performed on these interaction terms reveals an additional significant relationship in our sample, i.e. between process and product innovation. More generally, a procedure that relies on a t-test on an interaction dummy may lead to some misleading conclusions especially
To illustrate the case of four practices, we examine the impact of four types of R&D cooperation strategies: (1) cooperation with customers, (2) cooperation with suppliers, (3) cooperation with competitors, and (4) cooperation with government institutions (research centers and universities). The constructed vector D thus includes 16 elements. For each pair we impose four inequalities described in section 2. The results of the unconstrained estimation and the estimation under the alternative hypothesis are reported in Table 2 .
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Conclusion
This paper develops a test for complementarity and substitutability using an output function approach in which organizational practices affect performance. The testing procedure uses a structural estimation framework and applies inequality constrained least squares estimation. The analytical solution is given for the general case and demonstrated for three and four practices. We note that recent work (Athey and Stern, 2002; Bresnahan et al, 2002) has drawn conclusions on complementarity based on inadequate testing methods. With empirical studies of complementarity gaining prominence in a number of economics and management domains, the proposed framework should make adequate testing for complementarity more accessible for applied researchers. We also note that the proposed test is equivalently applicable for testing for super-and submodularity of the objective function in organizational design practices (e.g. Milgrom and Roberts, 1990) . As shown in Topkis (1998) , it is sufficient to check the pair-wise inequalities in case there are more than two when opposing effects (some pairs being complements and some pairs are substitutes) are present among the strategies.
dimensions in the lattice. Hence, in case all pair-wise relations satisfy complementarity, the objective function is supermodular. Thus, in our first example, the test satisfies the requirements for supermodularity of the objective function in product, process and organizational innovation practices. Table A5 presents the results of the test of the accuracy of the computation of for the case p=4.
Column (1) contains the results from the analytical formulae in Shapiro (1985) , column (2) 
